Autophagy has been shown to be involved in the pathophysiology of developmental seizure-induced brain damage. The present study aimed to examine whether E-64d, an autophagy inhibitor, was able to facilitate developmental seizure-induced hippocampal mossy fiber sprouting, in particular sprouting-associated zinc transporter signals. Recurrent seizures were induced by penicillin every other day in Sprague-Dawley rats from postnatal day 21 (P21). Rats were randomly assigned into the control group (CONT), recurrent seizure group (RS) and the seizure plus E-64d group (E64D). The expression levels of beclin-1 and B-cell lymphoma 2 were analyzed at 1.5, 3, 6 and 24 h after the last seizures using western blot analysis. At P51, mossy fiber sprouting and the mRNA expression levels of zinc transporter 2 (ZnT-2), ZnT-4, ZnT-5, ZnT-6, ZnT-7, divalent cation transporter 1, Zrt-Irt-like protein 6 (ZIP-6), ZIP-7, cathepsin D and cathepsin L in the rat hippocampus were assessed using Timm staining and reverse transcription-quantitative polymerase chain reaction analysis, respectively. Reduced hippocampal mossy fiber sprouting were detected in the E-64d-treated rats compared with the non-treated control. In parallel with these observations, there was a marked reduction in the mRNA expression levels of ZnT-4 at P51 in the E-64d-treated rat hippocampus compared with the non-treated seizure group. Linear correlation analysis showed significant inter-relationship among ZIP-7, ZnT-4, ZnT-5, ZnT-7, cathepsin D and cathepsin L. These results indicate that the ZnT-4/ZIP-7/cathepsin signaling pathway serves a crucial function in the neuroprotective effects of E-64d. Thus, E-64d may offer a novel strategy for the development of therapeutic interventions for developmental seizure-induced brain damage.
Introduction
Early intervention in developmental seizure-induced brain damage is a focus area in recent pediatric clinical and animal studies. The autophagic/lysosomal pathway has been recently considered as a promising therapy for preventing and treating neurodegenerative diseases, in addition to seizure-induced brain injuries (1) (2) (3) . However, the underlying molecular mechanism of its efficacy remain unclear.
Developmental seizure-induced long-term adverse effects include neurodysfunction and pathological phenomena such as regenerative aberrant mossy fiber sprouting in the hippocampus, which is positively correlated with long-term neurofunctional impairment (4) (5) (6) . Hippocampal mossy fibers are the axons of dentate gyrus granule cells. Overstimulation of mossy fibers in epileptic activities leads to aberrant regenerative sprouting, which is associated with aberrant zinc homeostasis (7, 8) . In a previous study the present authors showed that recurrent neonatal seizures could cause long-term cognitive dysfunction and disturbed hippocampal expression of plasticity related gene 1 (PRG-1), which could be reversed by pretreatment with the autophagy inhibitor cathepsin B inhibitor (CBI) (9) . The results of another study showed that the autophagy inhibitor 3-methyladenine (3-MA) regulated the acute phase expression of autophagy and zinc transporter-associated genes at 1.5, 3, 6 and 24 h after the last seizures (10) . These results showed linear correlations among microtubule-associated protein light chain 3 (LC3), beclin-1, zinc transporter 1 (ZnT-1) and ZnT-2 transcripts in the hippocampus and cerebral cortex in the recurrent seizure group, which could be modulated by 3-MA. However, there are no reports investigating the long-term alterations in the mRNA expression levels of ZnT signals in hippocampus pretreatment with autophagy inhibitor following developmental seizures.
The aim of the present study was to characterize the long-term expression profiles of ZnT-associated genes in the hippocampus following developmental seizures. It was hypothesized that the disturbed expression of ZnTs would correlate with increases in hippocampal axon sprouting which could be inhibited by pretreatment with E-64d, another autophagy inhibitor.
Long-term expression of zinc transporters in hippocampus
following penicillin-induced developmental seizures and its regulation by E-64d 
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
A total of 6 rats from each group were sacrificed using 4% chloral hydrate (1 ml/100 g i.p.) at P51. Hippocampal samples from each group were subjected to RT-qPCR analysis, as described previously (8) . Briefly, total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's instructions. The concentration, purity and quantity of the total isolated RNA was determined by measuring the optical density at 260 and 280 nm by UV spectrophotometry using a NanoPhotometer UV/Vis spectrophotometer (Implen, Munich, Germany). Next, 2 µg total RNA was reverse transcribed into cDNA using 1 µg random primers (Promega Corp., Madison, WI, USA), 1.5 µl M-MLV Reverse Transcriptase and 0.6 µl RNase inhibitor (Thermo Fisher Scientific, Inc.). For RT, the total reaction volume was 40 µl and the sample was incubated at 37˚ for 60 min, followed by 95˚C for 5 min. Subsequently, qPCR was performed with an Applied Biosystems 7500 Real-Time PCR system (Thermo Fisher Scientific, Inc.) using TaqMan Gene Expression Master Mix (Thermo Fisher Scientific, Inc.). The total volume of the PCR reaction mixture was 25 µl, including 2.5 µl 10X buffer; 1.5 µl Mg 2+ (25 mM); 0.5 µl dNTP (10 mM); 0.25 µl hot start Taq DNA polymerase; 0.5 µl of each primer; and 0.3 µl TaqMan probe. The primers and probes used in qPCR for the zinc transporter genes (ZnT-2, ZnT-4, ZnT-5, ZnT-6 and ZnT-7), divalent cation transporter 1 (DCT-1), Zrt-Irt-like protein-6 (ZIP-6), ZIP-7, cathepsin D and cathepsin L were designed against the GenBank sequences using the Primer Express 2.0 software (Applied Biosystems; Thermo Fisher Scientific, Inc.), and are shown in Table I . The PCR cycling conditions were 95˚C for 10 min (initial denaturation), and 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec. Quantitative fluorescent data were collected and analyzed using SDS software, version 1.3 (Thermo Fisher Scientific, Inc.). Threshold cycle data were determined by setting the default threshold to 0.08; when the fluorescence intensity reaches this threshold value, the PCR cycle number was regarded to be the threshold cycle (Cq) value. Initially, the RT-qPCR Cq value of the target mRNAs and the internal control (β-actin) were determined, and then the ΔCq method of relative quantification was used to determine the fold changes in expression. The fold change in expression was obtained using the 2 -ΔΔCq method (13) .
Statistical analysis. The protein and mRNA expression levels (2 -ΔΔCq ) were analyzed with post-hoc comparisons using analysis of variance, followed by Bonferroni test. Timm staining scores were compared using a non-parametric Kruskal-Wallis test. SAS 8.0 statistical software (SAS Institute, Cary, NC, USA) was used to perform statistical analysis. Data is presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
Western blot analysis. Significant increases in the hippocampal protein expression levels of beclin-1 (Fig. 1A) and reductions in those of Bcl-2 (Fig. 1B) were observed at 3, 12 and 24 h after the last seizures in the RS group. beclin-1 upregulation and Bcl-2 downregulation were mitigated by pretreatment with E-64d.
Timm staining. As shown in Fig. 2A , there were no evident mossy fiber terminals in the control hippocampus. There was prominent aggregation of mossy fiber terminals in the stratum pyramidale of CA3 subfield (Fig. 2B-b ) and the dentate gyrus (Fig. 2B-c ) compared with the CONT group. In the E64D group rats (Fig. 2C) , the aggregation of mossy fiber terminals was markedly decreased in the supragranular region of dentate gyrus and CA3 subfield (Fig. 2C-b and 2C-c) compared with the RS group.
RT-qPCR analysis. RT-qPCR was employed to evaluate the relative mRNA expression levels of ZnT-2, ZnT-4, ZnT-5, ZnT-6, ZnT-7, DCT-1, ZIP-6, ZIP-7, cathepsin D and cathepsin L in the hippocampus at P51. As shown in Fig. 3A , RS group rats showed a significant upregulation of the mRNA expression of ZnT-4, ZnT-5, ZIP-7 and cathepsin D compared with the CONT group rats (P<0.05). In addition, there was long-term downregulated expression of ZnT-4, ZIP-6, ZIP-7 and cathepsin L in the E64D group rats compared with the RS group (P<0.05).
Linear correlation analysis showed a total of 45 Pearson correlation coefficients among the ten genes. As shown in Fig. 3B and Table II, 
ZnT, zinc transporter; DCT-1, divalent cation transporter 1; ZIP, Zrt-Irt-like protein. 
A B Discussion
E-64d is an autophagy inhibitor that has been shown to perform a neuroprotective function in spinal cord injury, hypoxic-ischemic brain injury, acute optic neuritis (14-17), in addition to kainic acid-induced excitotoxicity of primary striatal neurons (18) . However, the molecular mechanisms underlying the efficacy of E-64d remain unclear. The aim of the present study was to elucidate the neuroprotective effects of autophagy inhibitors on developmental seizure-induced brain damage by neuropathological and molecular biology analyses, focusing on ZnT-associated gene expression in the hippocampus. In accordance with previous results (19) , pretreatment with E-64d prior to the induction of seizures markedly attenuated the long-term hippocampal mossy fiber sprouting. Furthermore, E-64d treatment resulted in the downregulated mRNA expression of ZnT-4, ZIP-6, ZIP-7 and cathepsin L at the long-term time point compared with the RS group. To the best of our knowledge, the present study is the first to investigate the long-term effects of an autophagy inhibitor on the expression profiles of ZnTs in hippocampus following developmental seizures.
Previous results showed that CBI, an autophagy inhibitor, could improve functional deficits and inhibit hippocampal sprouting by modulating long-term PRG-1 expression in the hippocampus and cerebral cortex (9) . In another study (10), we reported for the first time that pretreatment with 3-MA, another autophagy inhibitor, markedly attenuated neonatal seizure-induced ZnT-1, ZnT-2, LC3 and beclin-1 elevations in the hippocampus at the acute phase time point following seizures. However, the present study primarily examined the ZnT-associated mRNA expression at a long-term time point following seizures during adolescence (P51), a time point which is in parallel with the genesis of mossy fiber sprouting in hippocampus. The results suggest that the regulators for zinc homeostasis may be involved in E-64d-mediated neuroprotection following developmental seizure-induced excitotoxicity. ZnT, zinc transporter; ZIP, Zrt-Irt-like protein 6; DCT, divalent cation transporter.
The divalent cation Zn 2+
, an essential trace element that performs structural and cofactor functions, is concentrated in synaptic vesicles, particularly in the hippocampal zinc-rich mossy fiber pathway, which has the highest quantity of zinc in brain (20) . The presence of this type of vesicular zinc in the mossy fiber system may be detected using Timm staining, where its excessive synaptic movement from pre-to post-synaptic neurons via ZnTs contributes to regenerative sprouting following epilepsy (21) . Among the ten ZnTs that have been identified to date, ZnT-2, ZnT-4, ZnT-5, ZnT-6 and ZnT-7 are of particular interest due to their function in intracellular organelles. ZnT-2 and ZnT-4 transport zinc into endosomes and lysosomes, while ZnT-5, ZnT-6 and ZnT-7 appear to be localized on the Golgi apparatus (22) . A study by McCormick and Kelleher indicated that ZnT-4 provides zinc to zinc-dependent proteins in the trans-Golgi network, which directly contributed to labile zinc accumulation as ZnT-4 overexpression increased FluZin3 (zinc probe used to monitor zinc fluxes during fluorescent imaging) fluorescence (23) . As FluZin3 is regarded as a marker for detecting sprouting mossy fibers in the temporal lobe epileptic hippocampus (24) , it is possible that ZnT-4 overexpression in the brain may be a molecular marker for hippocampal mossy fiber sprouting. The present results showed the upregulation of the transcription of ZnT-4 in the RS group compared with the CONT group. Notably, this elevated mRNA expression of ZnT-4 was significantly downregulated by pretreatment with E-64d. As mentioned above, ZnT-4 transports zinc into endosomes and lysosomes, which are also the target organelles for autophagy inhibitors. The present results indicate that ZnT-4 may contribute to E-64d-mediated improvement of morphological and cognitive functions, which merits further investigation. In addition, this study identified significantly increased mRNA expression of ZnT-5 and a increasing trend of ZnT-7 in the RS group compared with the CONT group. Furthermore, linear correlation analysis showed significant inter-relationships among ZnT-4, ZnT-5 and ZnT-7. Combined with previous results, which suggest that ZnT-5 and ZnT-7 contribute synergic to the activation of phosphatases in cytoplasmic membrane (25) , it is reasonable to speculate that ZnT-4, ZnT-5 and ZnT-7 may contribute synergically to the neuroprotective effects of E-64d in an animal model of penicillin-induced developmental seizures.
Apart from ZnTs, the regulation of cellular zinc homeostasis is controlled closely by a number of different mechanisms. Hence, we further investigated the expression of ZIP-6, ZIP-7 and DCT-1 in hippocampus. ZIP is responsible for the movement of zinc into a cell from the extracellular space, and transports zinc into the cytoplasm from organelles that contain zinc (22) . Among the 14 mammalian members of the ZIP family, the ZIP transporters ZIP-6 and ZIP-7 have been detected in the brain (26) . DCT-1 (also known as divalent metal transporter 1) is present in the hippocampal pyramidal and granule cells, cerebellar granule cells and pyramidal cells of the piriform cortex in high densities (27) . In the present study, ZIP-7 showed significantly upregulated mRNA expression in the RS group compared with CONT group rats, while no significant differences were observed in the mRNA levels of ZIP-6 and DCT-1 between the RS and CONT groups. In addition, the upregulated expression of ZIP-7 was significantly inhibited by pretreatment with E-64d. Furthermore, linear correlation analysis demonstrated significant inter-relationships between ZIP-7 and ZnT-4 or ZnT-5. This result suggests that ZIP-7 is correlated with the long-term hippocampal mossy fiber sprouting and cognitive processing following developmental seizures. Previous studies have reported that ZIP-7 plays a critical role in zinc homeostasis (28) , and is implicated in aberrant cellular biochemical signaling such as tyrosine kinase activation and growth factor signaling (29, 30) . Collectively, these results suggest that ZIP-7 functions as a critical node in zinc-mediated aberrant mossy fiber sprouting in hippocampus and may be a novel target for the intervention effect of E-64d following developmental seizure-induced brain damage.
A previous study by Luo et al (31) showed that the inhibition of autophagy by 3-MA and bafliomycin A1 could reduce traumatic brain injury (TBI)-induced cell damage and attenuate behavioral outcomes via the inhibition of the TBI-induced upregulation of LC3, beclin-1 and the beclin-1/Bcl-2 ratio in the hippocampus. The present results also observed the modulatory effects of E-64d on beclin-1 and Bcl-2, which were observed at 3 and 12 h after the last seizures. Notably, the present RT-qPCR results showed upregulated cathepsin D expression in the RS group compared with the CONT group. Furthermore, pretreatment with E-64d significantly inhibited the elevated mRNA expression of cathepsin L in comparison with the RS group rats. Cathepsin D and cathepsin L are acid lysosomal hydrolases. It has been reported that the majority of zinc-containing vacuoles of cultured retinal cells are lysosomes, and that the accumulation of zinc in lysosomes induced the release of cathepsin D into the cytosol, which may be a key mechanism of ethambutol-induced retinal cell death (32) . These results are in accordance withe present study, in which the expression of ZnT-4, ZnT-5, ZIP-7 and cathepsin D was upregulated in RS group rats compared with CONT group rats. In addition, long-term downregulated expression of ZnT-4, ZIP-6, ZIP-7 and cathepsin L was detected in E64D group rats compared with the RS group. Linear correlation analysis further indicated significant inter-relationships among ZIP-7, ZnT-4, ZnT-5, ZnT-7, cathepsin D and cathepsin L. Based on these findings, it is postulated that perturbations of intralysosomal zinc and cathepsin metabolism, and the subsequent results in lysosomal dysfunction, may underlie the neuronal dysfunction characteristic of developmental seizure-induced brain damage. Thus, the lysosomal modulation by E-64d represents a novel approach for treating brain damage induced by developmental seizures.
In conclusion, the present study provides insights into the abnormalities in signal transduction of zinc, reflected by ZnTs and ZIP. These results suggest that the E-64d attenuates hippocampal mossy fiber sprouting, at least in part, via the modulation of the ZnT-4/ZIP-7/cathepsin signaling pathway. These results may offer a novel strategy for the development of therapeutic interventions for treatment of developmental seizure-induced brain damage.
